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ABSTRACT

The reduction of structural vibrations in ships and submarines is a lfong standing
concern of the Navy., Waveguide absorbers are very etlective devices which can be ap-
plied to this problem. This study evaluates the increase in vibration damping ol a plate
structure across a broad frequency range using light weight beam waveguide absorbers,
Viscoelastic and constrained laver beam waveguide absorbers were studied beth theore-
tically and experimentally. Impedances of the waveguide absorbers at the attachment
point were predicted using both Bernoulli-Euler and Timoshenko beam theory for the
viscoelastic beam and using sixth order beam theory for the constrained laver beam. The
theoretically predicted impedances were compared with the experimental measurements.
Results from random vibration tests of a plate structure showed significant increases in
damping over a broad frequency range (100 Hz - 2 KI1z) when the waveguide absorbers

were attached on the plate.
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'O I. INTRODUCTION

d

L. Suppressing noise and vibrations of ships and submarines i€ very important tor the

.--“- . - . . . .

- Navy and has been one of the Navy's long-stunding concerns. Much work has been Jone

i “ -.- -~ . . . . . . “

on the development of vibration control means such as isolation, detuning. viscoelastic
- . ‘ i ' o

) Jamping and dynamic absorption. All of these approaches have bteen studied rather

¥t thoroughiv including their range of applicability and definite linuts on their vibration
"1

"y and noise reduction capability within acceptable weight and volume increases,

1

W
. . . . N

:.;-_ Recentv, a waveguide absorber concept has been dJeveloped [Ret. [}, which can
e provide simple and highly effective vibration control over a wide frequency range. .\
NN “Waveguide” is a structure along which vibrational waves can travel. [ one cud of
N waveguide is attached to a vibraring structure, some vibration energy will travel along
" -

P4
Sy

"~
s

the waveguide in wave forms. If the waveguide is treated with a high energ: dissipation

f

scheme, the damping of the waveguide causes the amplitude of the waves to decrzase

®
'::I:‘ as they travel and the waveguide mayv be expected to remove vibrational energy from the
-2 structure.
:-\.:'; [n previous studies bv Ungar and Kurzweil [Ref. 2] and by Ungar and Williams [Rell
. 3], semi-infinite beams and exponentially tapered semi-infinite beam waveguide chsor-
ot ‘ bers were studied. However, theoretical prediction of the driving point impedances
E"‘: showed wide discrepancy from the experimental results since the experiments were per-
";}.f{ formed with finite length beams and the etfects of viscoelastic materials on becams were
13 not considered in theoretical calculations.
:,.:: In this investigation. two Kinds of high damping beam waveguide absorber are
" subjected to study: viscoelastic beam and constrained laver beam wavezuide absorbers,
..“ The driving point impedances are theoretically predicted for the finite length beamis of
; highlv viscoelastic behavior. Experimental studies are also performed on the impedances
::_':: of these waveguide specimens and on their contribution to damping increase of a test
.jﬁ:i:: plate structure.
o
o
'\.._'
o
e
o
'_'l
y N S T e
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i II. THEORETICAL ANALYSIS
b~ A. LOSS FACTOR CONTRIBUTION OF A WAVEGUIDE ABSORBER
.’ . . . .
‘ ::\: Consider a linear structure, S, under a harmonic load
-)::.
0" . EN
b e F=fysinwr (2.0
')
PN . . ey : .
:,,: at location ¢ (I'igure [ on page 3). The structure S will vibrate with the encrzy of vi-
:::: bration
K
AN
{ Wy =012 (2.2)
.r:“-f: 2
oy
vl . :
fg":“- where M represents the total mass of the structure and F, is the magnitude of areroge
' velocity. The energy dissipated in S per cycle, D, depends on the original loss tactor, j,.
A g} p per ¢} o dep g
® . .
v of the structure and the following relation holds:
-
Lo
N
A IS
ey Hoy = —DO (2.3
g 0= . -
o0 2711,
i
For a lightly damped structure. », is much smaller than | and D, is much smaller than
::'.'_: 2zi1,. If a point a of a second body B. a waveguide absorber. is attached to body S
T at location b of body S, internal [orce, F,, will interact between body § and bodv 72 and
2 some vibration energy, D will be dissipated in body B (Figure 1 on page 3). Moreover.
) o this internal force influer~es the vibrational motion of body S and mav reduce the en-
DY o .'
y :‘: ergy of vibration. I}, of body S under the saie harmonic load at the same location ¢ .
,' - . . - ~ . -~ . -~
o The interaction between bodies S and B depends on the impedances of bodies S and
A, B at the attachment point, Z, and Z,. Impedance is the ratio of the harmonic force, .
‘i, :,1 acting on a point a of the structure to the velocity, 17, of the point.
[ N 3
LAC
-ﬁ:'ﬁ‘ Z = '{— . ‘24)
@
o
‘:-j:; and can be describd by a complex number,
2 ' _
e Z=R+i\ (2.5)
o .
“~
.“‘.' 2
.;:.:_
‘.
L J
i A‘
"
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Figure 1.  Vibrating structure with waveguide absorber.

where R is the real part of Z and resistance component, ot simply resistance, and .Y is
the imaginary part of Z and reactive component. or reactance.
The energy loss per cycle, D, of a structure by an attached waveguide absorber is,

as shown by the previous study [Ref. 2. and Ref. 3],

xR, WY A
D=—; ’h : (2.6)
[1 +—Z';I

where w denotes the vibration frequency in radian sec. ¥, represents the velocity of the
structure at the attachment point of the structure before the attachment of the wave-
guide absorbers, Z, and Z, denote the impedance of the waveguide absorber and the
structure at the attachment point, and R, represents the real part of the impedance Z,.
From the equations 2.2, 2.3 and 2.6, the energy loss factor. #, due to the

contribution of an attached waveguide absorber can be expressed as follows:
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Equation (2.0) shows that the vibration encrgy loss of a structure through the was-
eguide absorber depends on the magnitude of the velocity, P, at the attachiment poimnt
on the structure. If this attachment point is a node for which I =0, then the encigs 0w
factor. 1. equals zero. If the attachment point is an antinode. then b Sean be rele-
tivelv large. Equation (2.7) indicates that the loss factor contribution is anail of the ime
pedance of the beam. Z, . is considerably greater than the impedance of tiie structure,
Z. If Z, 1s much smaller than Z,, then the structure will not be atlected by the absorber
and the vibration energy of the structure, F in equation (2.2). will not be reduced much.
Therefore, impedance matching between the structure and the waveguide absorber is
important to get the highest energy loss factor, #. So, analytic methods which cun predict
the impedance of beams using the theory of elastic wave propagation in beams are de-

veloped in the next section.

B. IMPEDANCE OF BEAM WAVEGUIDE ABSORBERS FROM WAVE
PROPAGATION THEORY
I. VISCOELASTIC BEAM USING BERNOULLI-EULER BEAM THEORY

Previous research [Ref. 3] considers the impedances of the infinite viscoelastic
beam using Bernoulli-Euler beam theory. In this section, this previous work is expanded
to include the finite viscoelastic beam. The viscoelastic beam will be excited harmonically
at its center by a transverse force, F as shown in Figure 2 on page 6. [For a beam which
is free of lateral loading and under an assumption that cross-sectional arcas remain plane
and normal to the neutral axis, the equation of motion becames [Ref. 2].

-
oy

e nA

where 3{x.r) is the transverse displacement, and £~ is the complex moduli of the bean:
EX=EL+ i), (2N

and,

[ : modulus of elasticity of the beam
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.. : loss factor of the viscoelastic material

m : mass per unit length of the beam

g+ Jdensity of the beam material

.1 cross sectional area of the beam

I : moment of inertia of the cross sectional area

The general torm of y(x.r) [or a propagating harmonic wave in this Bernoulli-

Euler beam 1s

i “x—wi)

ey = Yye (2.1

where A 1s the complex wave number, and  is the [requency of the propagating wave.
Inserting the wave equation (2.10) into the equation of motion (equation 2.8). the dis-

persion relation is obtained as follow:
E* 1KY = paw? (2.11)

This equation gives the four different complex wave numbers as function of [requencies,

-1 -1
; 1l tan 7, . tan .
x . i 2 [FETON ve . \
ki = k(1 +015,) [(.05(—-4——)—15m(-4—e)] (2.12.a)
—-1 -1
) > 4 tan . . tan 'y,
X ; - \;4 . e . 2
ky = —ik(\' 1+ u5,) [ws(T"’)nmn(—_li (2.12.5)
— tan”'y tan”'y
k== k(' U+ 0, )“-"[cos(—j—"e)—zsin( T (2.12.¢)
- tan” 'y tan”'y
ki= k(1 +n5, )'l"l[cos(—_l—w—)—isin(—.zl ] (2.12.d)

where subscript ve is an abbreviation of Viscoelastic beam using Bernoulli-Euler beam

theory and 4 is the wave number, given by

3 5
1_om wipd w2 ‘5
k™ = = = (-

LI~ EI Ty

# denotes the radius of gvration ol the cross sectional area. (\,r Ny ) and ¢, denotes the

longitudinal wavespeed in the beam material (\ o ). Theretore, the equation (2.10) is

expanded using wave number k7, k5. k; and ;.

i
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Figure 2. Coordinates and sign conventions for a semi-infinite (finite) viscoelastic
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Hx)= (Y& + e + 1e™ Tt + Ygeik‘x'r)e-i""' (2.14)

o B, oy o

! c v v . .
3 where Y|, 1, ¥; and Y, are constants whose values depend on the boundary conditions
:) and x is the axial coordinate. The complex transverse force, F, is denoted by
3

i d u(x) .
5 Flx)= E 12 (2.15)
e dx

® a. INFINITE VISCOELASTIC BEAM
e Let’s consider the infinite viscoelastic beam. If y{x) is to remain tinite for a
e large x. then !, must vanish. If there is no wave coming toward the origin from the po-
" sitive x direction, then ¥, must vanish. }| and Y] in equation (2.14) are determined from

™ wo boundary conditions at x = 0, as {unctions of v and 8, as tollows:

o WOy =y (2.16)
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At the driving point, the input transverse force, [10), can be calculated using
the equation (2.133, which can be expressed using impedance and velocity at v =1 as

follows:
Foy=Z,110) + Z,Q(0) (2.1

The complex transverse velocity, 1, and the complex angular velocity, L2, are related to
the corresponding displacement. 1 and 6 of equations (2.10 and 2.17), as [ullows:

| ] . 3y
== i (219

Z, represents the impedances of the transverse force at the driving point of the center
of the infinite viscoelastic beam. If there is no rotation at the center of the beam. that

1s L2(0) = 0, the equation (2.18) becomes
[0y =2Z110) (2.20)

Theretore, the impedance of an infinite Bernoulli-Euler beam at the driving point. Z,,.
can be calculated from
FielD)

L 30
iw (.21

Zive(. 0) =

where subscript ive 1s an abbreviation of the Infinite Viscoelastic beam using Bernoul-
li-Luler beam theory.
b. FINITE VISCOELASTIC BEAM
For u tinite beam, four constants . 1., ¥, and Y, are determined [rom four

boundary conditions at x =0 and x =/, as (ollows:

MO)y=y (2.2
—{—;:3-)—: ) (2.23)
—E'1M=“ (2.24)
dx®
7
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From the same considerations as those in the previous sectivin, the mpe-
dance Z.,,

- (2.20)

is determined as function of trequencies. where the subscript fie is the abbreviation of
the Finite Viscoelastic beam using Bernoulli-Euler heam theory.

2. FINITE VISCOELASTIC BEAM USING TIMOSHENKO BEAM THLORY

The Bernoulli-Euler beam theory was obtained using two assumptions which

neglect shear deformation and rotational inertia. The Bernoulli-Euler beam theory mav

be usetul for low frequencies and long wavelengths. However. the Timoshenko beam

theory gives more accurate simulation at wider frequency ranges and wave lengths.

Therefore we will analvze the impedances of the finite viscoelastic beam using Timosh-

'

ay
Y
LY

’

enko beam theory in this section. Two independent variables. the transverse Jdisplace-

Lot - g in Ti
;.‘_-'. ment. 1{x.), and angular displacement. ¢(x.z), are defined in Timoshenko beam theory.
LA
N, . N . . .
WY Beam motions are governed by the following equations [Ret. 4).
“

A l"“ { i [ANRY
aj( —= ~ =5 ) = — (2.27)
pxt o Cx ar
~2 { ’:V PO
000 2,2 ] A ,
& =5k ajky( == - ¢) =% (2.28)
cx’ - cre
G- - A 1 - . ~ -
where ai = -’%—, a= -%— and k2 = T I'he complex moduli Gr and £+ are defined as:
G* =G+ ) (2.29)
E* = L1+ iy, 12.20)

where subscript vz is an abbreviation of Viscoelastic beam using Timoshenko beam the-
ory, and

(; : shear modulus of the beam

LY

., .

L :elastic modulus of the beam

]
"l

., . loss factor of the viscoclastic material
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A :cross sectional area of the beam

[ : moment of the inertia of the cross sectional area

;> density ot the beam material

x : shear delormation factor

The general torms ytx.) and é(x.) for the propagating harmonic wave ina Ti-

moshenko beam are

i

yxa) Foe't e (2530

; (%" x—wt -

C)‘\-\'.” - (Doel( X—w)l) (2 )
where & is the complex wave number, and w is the frequency of the propagating wave.
Inserting the wave equations (2.31 and 2.32) into the governing beam equations i2.27

and 2.28) becomes

(0 = @ (k) 1y + (—ialk )y =0 (2.33)
(atkZk™) Yy + (w — afkg = a3(K*))Dy =0 (2.34)

The dispersion relation of waves is obtained from equations (2.33 and 2.34)

2 2., x4 2 3 20,2 4 2,2 2 1z
a; az(kx) - (a] + (12)(1) (/\ ) + ((U - aq ko({) ) =0 (233)
with the relationship between }; and O,
2 A,y %2
wn)© — K(J (/( ) . . N
D, =L Y, =Ry Y, (2.36)
. ~X X
kG k
where
- 2 ~x, g %Xy 2
oy 2 xy2
gt R = JJ0; kG (k) 237
) 0 o = (.27
e iKG k
"
Ry The equation (2.35) gives the four different wave numbers as function ot wive frequen-
cies,
2 N - I R R
. (ay + as)le” + \ la, + dy)Ter = apdste = diRge’) .
k, = — (2.38.a)

2aj a3
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: < Jlal =alle” + a) Fa) e - aiello” —ankie”) e
1 Ay =— [— - — (2.35.0)
b N 2a7ay
Nl
. [ A A
( « R A N AN —ayaster — (11/\,,(') ) 5 o
K] Ay = j R RSN
: ™ \f =t (l:
h Y
[ 2o Y, 0+ 21 1 1,12
& x /ml +ae” =l F Vo —aqale — ajkiw™)
Al =— | = : —— = (2.38.d)
' - - - 7
: \Y daja;
-
‘. Therefore, the equations (231 and 2.32) are expanded using A;, A3, k; and 4;
7,
A jf._". . ."_-’,‘.'_ R .k. , iX v. i o
2 v = (e + e O Y 4 Yt e 12.39)
ikx iky . iy x iy xy =iwi
» ole.)=(De "+(D2e11‘+<b3€'(3r-.-([>4e 4N (2.40)
o The equation (2.40) becomes the following equation
e
- ik - iky - iks'x - kg
A Dle) = R Ye™ 4+ Ry e + Rybye™ ™ + Ry Y o™ (2.41)
P
\
N
N where
o
I.\
’ 3 X,y x.2
. pw = kG k)
( R, = (2.42)
. n . XX
- kG k,
" forn=1,2 34
N For a finite viscoclastic beam with a length /, which is free at x =/ and excited
. at x =0, four boundary conditions are defined as:
e vy =y (2.43)
v-':'
b = b (2,44
®
<
- Dot
. . [ (,'((‘ -
MO=[[——=0 (2.45)
rx
.
s ~x cy : -
o SN=kG H{—=—=¢)=10 (2.-40)
v "." -
A [-'rom those boundary conditions. the coustants 1, T,. }; and Y, are determined
... . . . . . . )
v as functions of 3 and ¢. At the driving point, x =0, input transverse force,
»
o
-
g
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Fioy = — Sto), can be calculated using egquation (2.404 which ¢an be expressed using .
b | &

impedances and velocity at the driving poimnt as follows:
Foy= Z, 10y + Z.dm (247

where the complex transverse velocity, T, and the complex angular velocity, b, are re-

. lated to the corresponding displacement as follows:
KD -
=y =T (2.48)

It there 15 no angular Jdisplacement. ¢, at the center of the heam, that is, &0y =0, the
equation ( 2.47) becomes

FO) = Z, 1) (2.99)

Theretore. the impedance of the Timoshenko beam at the driving point, Z, . can be cal-

culated using the following equation.

0)= —3— (2.30)

Zjul
where subscript fir is an abbreviation of the Finite Viscoelastic beam using Timoshenko
beam theorv.

3. FINITE CONSTRAINED LAYER BEANM

In this section. impedances of the constrained laver beam. which has viscoelastic
material hetween the two elastic layers, are studied. The theory of a damped sandwich
beum was developed by R.A. Ditaranto [Ref. &, who extended Kerwin's [Refl 6 | has-

ically simular analvsis. D.J. Mead and S. Markus [Ref. 7] expanded the concept by con-

sidering these carlier works. The result of their elforts is a sixth order differential
cquation of motion which is expressed in terms of the transverse displacement, v, and
longitudinal displacement, «, for the constrained luver beam. The censtrained laver

beam will be excited harmonically at its center by a shear force. . as shown in

[ e e S T )M

Preure 3 on page 12, This equation of motion leads to the impedances ol the sandwich
beams with sic houndry conditions, which are used for evaluating impedances depending
on frequency, viscoelastic material properity, and two elastic material propertics.

['rom the [Ref. 7], the governing sixth order diflerential equation is

NN 4_\‘_.-_‘1- a__ .J"-..F AL AU
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Figure 3. Coordinates and sign conventions for a semi-finite constrained laver beam.
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~y

¥ p=—m ~_2- (2.32)
N el
b *.
> with the relationship between vix.r) and w(.x.r) expressed as:
e
-..\ 6311 B BHZDJ /?_1' (3 ;-w)
- - Bylt = =7 —— PIRK,
_.: ,‘?_\pl E_] [13 (‘C cX
L.
Dy
k. . . . .
. The parameters in this equation are defined as tollows:
L
L ‘. -
~ x
Y G 1 | :
.
ol B = + -, (:.34(1
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b D\f=[£1['l +E313 (:SJ(’
- . I .
f. e
\

gt 3
y Iy

$ ! N3
* [l= l: ‘_..\4."

N

s 1{;3 N

[, = 3 12,3455

f. -

"

‘a - - . . - -
- G*=G(1+m) (2.35)
o™
W

e where subscript ¢ ts an abbreviation of constrained layver beam. and

.. G : shear modulus of the viscoelastic laver

.

N E : elastic modulus of the elastic layer
. i1, : loss factor of the viscoelastic laver

(. - I : moment of the inertia of the cross sectional area
- . . .
~ H : thickness of the constrained laver beam
N . .

. 1 : mass per unit length of the whole three layer section.
$ - . . .

o The general form of transverse displacement. y(x.). and longitudinal displace-
> ment, u.x,7), for the propagating harmonic waves in a constrained layer beam are
i k - -

) L) = FyetEmen (2.56)
o
A

- i’/\", -tz -

.. ux.t) =1L ,)e( =l (2.37)

":

X where A is a complex wave number and w is the [requency of the propagating wave.
."-

- After inserting the wave equations (2.36 and 2.37) into the sixth order beam equation
¢ - : . L . .

(2,51, the dispersion relation is obtained as follows:

X : . By

R~ . .. 1 HIC) 2 A co

(E™) + Bl + Z0k™) ———7—(/\") -—5—=0 (2.38)
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There are six diiferent roots with «six different complex wave numbers 1 the abose

equatien, which means a wave ot six different modes propagite through the construned

Y - -

laver beam. [From the equations ( 2.30 and 22371 we may reantange equation ¢ 2.7 5

where

IIR;,Z[) ,/I‘C\‘
R, = — (2.0
EJI,Catk )y + B

The general form of the transverse displacemenr equatien (2.30), », wid longi-
widinal displacement equation (2.57), «, are obtained using the six complex wuve num-
bers and a ratio R,. The equations (2.50, 2.537 and 2.39) as tollow:

¥

- . il LM e ikix N P S TR ,
) = (Ve T+ P e Ve + e+ Ve + ey (2.60)
R i 2 3 5 3
- ikx . ik x - ko Sodix
Il‘.\'.l)=(Rl)le‘ l"’."’[{z):t’ - +R}}3(‘ 3('1' RJ}JL’ 4t

.odex L ke x. =it :
+ [{5):(”5 el R },56““ )(" ¢ (:.’.‘_’]

n
where

iB.ZD K
R, = — . (2,63
lik:)- +B[.)[:3[13C‘,_~

n=1,2,34,5 6 For a constrained laver beam with a finite length /which ts free

at e =/ and excited at one end at x = 0, the six boundary conditicns are detined us fui-
lowe [Ref. 7

Oy =y (2.64)
dv(th -
—_— () (2-(‘3)

da.x
uty = u (Y0
Sih=D Sy DBy oy D87 : Lo+ N -
Sth=1 — - DB =4 —— —— — )i = () {2.067)
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The six constants ¥ /=1, 2, 3. 4. S and 01 are determined {rom these six benn-
dary conditions and are a function of 1, 0 and & At the driving peint. v =0, the input
transverse foree, /10) = — Si0), moment. 3/(0), and normal force. N, can be caleulaied
using equations (2.07, 2.68 and 2.69). These mput force and moment can be exvpressed

using impedances and veloctties and angular velocity at the driving point as [oiew
Foy=Z, 10y + Z.L00) + Z, L1 (2.7

Where the complex transverse velocity. I and the comples angcular veloaty,
2. and the complex longitudinal velocity. U, are related to the corresponding displace-

ment as follows:

I Q [ . -
=g = =W (271

If there is no rotational displacement. #, and no longitudinal displacement. w. at the
center of the beam. Z, represents the impedances of the transverse force at the driving
point of the constrained laver beam. That is, (0) =0 and L10) = 0. Theretore, rthe

equation {2.70) becomes

Fioy=Z, 1) (2.7

[heretore. the impedances of the constrained 'aver beam at the driving point, 7. can
be caleulated using the following equation.

£ 1

Z10) = —— — (273

1. —_

—iwy U
Where subscript ¢ is an abbreviation ol the constrained layver beam.
C. COMPUTER IMPLEMENTATION
The computer programs using Reduce and FORTRAN languages are ueed {or cal-

culation of the theoretical impedances from the beam theories in rhis paper. Reduce was

developed by Anthony C. Hearn [Ref. 8], and is a programnung language which solves

N
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algebrate operations non-numerically. [t can manipulate polvnomiads i o vants of forms
(substitution, ditferentiation and integration) and solves one or moere simultancons al-
gebraie equations. Atter the impedances were evaluated by a Reduce progrom wih
constant variables, a FORTRAN program caleulated the impedunce with real dinen-
stons and properties of the viscoelastic and constrained laver beam waveguide absorber
for the 0-2000Hz frequency range. Al constant variables of the Reduce program were
defined i cach FORTRAN program. We tried to use the sume notations for the Reduce
program. the FORTRAN program and the text t:AAppendin A

Three Reduce programs and a FORTRAN program were used to studyv cach theory,
I'he first Reduce program delined the moment, force and displacements which included
the constants Y., where 7 equals 1 and 3 tor an infinite viscoelustic beam: 2 equads 1, 2,
3 and 4 for a finite viscoelastic beam and » equals 1, 2, 3, 4, 3, and 6 tor a constrainad
laver beam. I, can be solved with boundary conditions. After running the f{irst Reduce
program, new constant terms are defined for Y, The second Reduce prograin inciudes
those new constant variables which were the results of the first Reduce program. The
second Reduce program gives the constant variables ¥, Finallv, the third Reduce pro-
gram can evaluate the impedance of the beam with longitudinal and angular displace-
ment (and normal displacement for the constrained layer bheam). The process of the
constrained laver beam is similar up to the second Reduce program. [lewewer, the
computer finds it hard to handle 6 simultancous equations with 6 non-numerical vari-
ables, 1. Therefore. we solved 1), 1, and I in the second Reduce program and then
substitute these values to ¥, 1, and Y5 in the third Reduce program.

Wave numbers as functions of frequencies, r.¢. dispersion relation, of waves in wav-
cguide absorbers were described in previous sections. It was easv to find the wave num-
ber of a viscoelastic beam through Bernoulli-Euler beam theory and Timoshenko beam
theery in equations (2.12 and 2.38). However, wave numbers of the constrained laver
heam were expressed with a complex six order polvnomial. Therefore, they were calcu-
lated using Newton's method.  The equation (2.38) is rearranged using real constants
b, coand & and imaginary constants b, and (.

N

(K*V 4 (b + ib K™Y + c(K) + 1y + id) = 0 (2.7
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Let the compiex variuble K" =1+ ig (1 and ¢ are rea/ numbers). The cquation (2.74)

hecomes two equations coupled with two variables (r and g).
gy =0+ b+ (=3¢" = 2bg + e+ (—bq’ + d)) (2.76)
g =g + bgt + (=311 = 2,0 = c)g + (—bt* — ) (2.77)
iq

Starting from initial guesses (4, g,) which are near the roots iteration was continued until
either the successive r and ¢ values converged to the certain values or the value of the
function is suflicientlv near zero. After a few iterations of equations (2.76 and 2.77)
using a FORTRAN program (Appendix A). we can get three different square of wave
number values. A* were obtained. So, finally, this method calculates six diflerent wave
numbers, k. from = _ k- . where 7 equals 1. 2, 3, 4. 5, and 6.

Impedances of a 207 viscoelastic beam were calculated using these computer pro-
grams for viscoelastic beam properties of 200,000 psi constant shear meodulus and 0.2
energy loss factor. The results of these simulations are shown in Figure 4 on page 19
and Figure 3 on page 20 which reflect sharp resonance frequencies. These sharp reso-
nance phenomena reduced (or the same beam with higher energy loss factor of 0.3, For
cases using the Bernoulli-Euler beam theory, the impedances of the finite viscocelastic
beam approached to the infinite viscoelastic beam waveguide absorber with increasing
energy loss factor and with increasing frequency. The impedance using Timoshenko
heam theory ditfers (rom the immpedance from the Bernoulli-Luler beam  theory
(F'igure 6 on page 21 and Figure 7 on page 22), because Timoshenko beam theory

considers shear deformation and rotary inertia eflect of the viscoclastic beam.
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Impedances of a 20 constrained laver beam with viscoelastic laver properties ol 200 psi
constant shear modulus and 0.5 and 1.0 energy loss tactors were calculated. Figure S
on page 13 and Figure 9 on page 24 compare the impedances vs. [Tequency depending
on the energy loss factor of the constrained luver Leam. The impedance of the high
duamping constrained laver beam shows the smooth and shilted resonance frequencies

compared with the low damping constrained laver beam.
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1. EXPERIMENT

A. IMPEDANCES OF THE TEST PLATLE

LA RA TS San S8 Bl Yol saf o Su) Sug g '!I“Wi‘i‘(‘l“"]"‘"“ﬂw‘“““""m“mw‘v‘ﬂ‘j

A rectangular aluminum plate with clamped boundary condition was selected as the

test structure, because 1t has enough closely space modes in the frequency

(I00F[z-2K 7). An aluminum block (307 X 227 x 27y was carved mside to maks o 247

X 031257 plate with clamp boundary condition.

ranyae

s 167

The mmpedances of the test plate were measured from mmpact hammer tests. The

aluminum plate was excited by a PCB 0S6BO3 impact hammer. Input impact torce was

meusured by a torce transducer at the tip of the impact hammer. Responses were

c meas-

ured by an Endeveo 2230\-160 piezoelectric accelerometer which was attached under the

unpact pomnt for locations 1. 2 and 3 (Figure 10 on page 26 and Figure Il on page

27). Location | 1s the center of the plate. Location 2 is the symmetric point of location

4. where a shaker will be attached during tlie damping measurement tests. Location 3 1s

a general point which is not on anv line of svmmetry. A baseband measurement (or each

location was taken from 0 to 2000 Hz. An average of 15 data samples was taken for each

measurement and analvzed using a HP-3362:\ dvnamic signal analvzer. Impedance of

the aluminum plate at ecach location was deternuned alter a predetermined

processing procedure using the HP-3362A dvnamic signal analyvzer.
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O B. IMPEDANCES OF THE WAVEGUIDE ABSORBER
B ~..-' . . . . . .
S Twe viscoelastic beams and two constrained laver beams were selected s the wan-
‘\.~ -
,G-_*: egulde avsorber specimens. Dimensions and phyvsical properties are shewn i Fabie L
o
( Mechamieal properues of a viscoelasue material depend on temperature and virsion
n\;“ - . ™ 1 . - - . . . N '
AR frequencies. The loss facters and shear modulh of the viscoelustic muterial used o the
N
A . - . .. .
specimiens  at room temperature (7370 are shown in Figure 12 on page (0 and
-l-' 1. . P . . . - . v
e Fieure 13 on page 21. These data were obtained [rom Design Duta Sheers mia hoox by
\ Nashif, et al [Refl 9]0 Analvtie expressions ol the foss fuctors and sheur nioduit wwere
VAR X . . . .. . . . .
b :‘C:. deternuned from curve {its to these data. The tollowing four equations represent thie foss
\:; lactors and shear moduli of the LD-300 and ISD-112 viscoclustic marenial,
) :::-':
s 1.0%4
=327 ezt = 7] -
i, = 0.03¢ : (3.1
-f:'-.,'
:\": (—0.3556] Tox( [ e
- P={L 39N ] oo == | ~
AN ne=1lle S sa0 (3.0
Lo
~I~'.l
o 212 () 1T L 18T 3RS L I -
° G, = 000002303 —0.1732f7 +457.3832f 429250 (2.3
o
-":-f_ . . 2 .
o G. = —0.00001238¢° +0.24727 + 74.988 (34
.-\-.. -
f represents the frequency. y, and y, represent the loss [actor of LD--00) and ISD-112
l . . . - - . .
v viscoelasue material. G, and G, represent the shear modulus of LD-J00 and 1SD-112
N
o . . . . . .
A viscoelastic material. Tigure [4 on page 22 shows waveguide absorbers which were used
_i_-,.::- i this study.
. . . . 4 .
X [mpedances of waveguide absorbers at the attachnment points were determined {tom
steady state random vibration tests. The waveguide absorber was excited by a Wilcoxon
NN F4 F7 ~ibration generator using a band limited white noise signal (0-2000112) from =
f" -‘" . - -y .
e [TP-3362.\ dyvnamic signal analvzer (Figure 135 on page 33). The waveguids absorber was
-:' o —~. - .
'.' mounted on the Wilcoxon 4 ['7 vibration generator (Figure 16 on page 34). Foree and
e acceleration were measured using a force ransducer and a piezoelectric accelerometer in
S . . .. Y - - )
oSl the tmpedance head of the Wilcoxon IF4 17 shaker. These signals were unalvzed by a
AN - - .
L HP-3562A dvnanue signal analvzer. 100 data samples were averaged (or cach measure-
e
nent.
N The measurement of mpedances mcluded the impedances of bolis and nuts and
T connecting aluminum picces. Therefore, the impedances of bolts, nuts, and connecuny
N
RN alumimum preces, the so-called mass ellect, were measured separatelv. Total impedances
-,
]
o
o)
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o
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et LA Nt e ' 8 --b‘~“ -_"'._‘; v - L }_.i S E N,
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minus mass etlect reprosentad

experimental resuits are compuared with the theerencal predictions i £ ey
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WAVEGUIDE ABSORBER

IMPEDANCE HEAD

) INPUT
N FORCE

OUTPUT
WILCOXON ACCELERATION
F3 SHAKER

MATCHING NETWORK
MODEL N7C

WILCOXON
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RANDOM
SIGNAL

PLOTTER }——

S MODEL 4477-2
CHARGE AMPLIFI

ENDEVCO SIGNAL
ER CONDITIONER

HP-3562A DYNAMIC

SIGNAL ANALYZER

o Figure 15.  Arrangement for waveguide absorber impedance measurement.

g
e e e ot o A e e . .

e I;\. At T e L ,.\ o e '_:. P A TS O T VT ) _.,:. e P e PR AN AT AT A
LS8 Y ..\.l.:i_‘ .'..‘.-Lﬁ:'r\:' '!.'E.‘ .",ﬁ'..‘:‘.)-\h\-.\\y.u ﬂ.\J’ e




Wilcoxon F4/F7 shaker with waveguide absorber mounted.
3

Figure 16.
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C. DAMPING OF THE PLATE

Modal damping values of the plate were determined from structural transfer func-
tons at a driving pomt and between mput and output points on the test piite which
were measured using random excitatons. The THP-3502.\ dvnamic signal anayzer was
used in the measurement ol the transier functions. The Wilcoxon FF3 vibranion generator
excited the plate at locution 4 using random oscillation signals from a HP-3302A dv-
nanue signal analvzer. Input forces and output responses at the driving point were
measured using a force transducer and a piezoelectric accelerometer in the inipedances
head of Wilcoxon F3 shaker (Iigure 17 on page 26). The damping measurcinent con-

-

figuration is shown in Figure IS on page 37. [t was necessary to nmeasure responses at

several points other than the driving point to accurately measure damping values of

closely <paced modes. These were measured using the Endeveo 2230A-10 piezoclectric
accelerometer. Modal damping values of all the modes in the frequency range of
100-2000Hz were determined from the response {unctions using the Half power Band
Width method [Refll 10] and a curvefit method [Ref. 11}

Modal damping values of the plate without a waveguide absorber were ncusured
as the baseline. A\ waveguide absorber was attached to the plate at locution 1. The
waveguide absorber was changed after each measurement of the damping for four Jdif-
ferent waveguide absorbers which were described in section 4-B. After the damping was
measured at location 1, measurements were taken at location 2 and location 3.

The most ellective waveguide absorber at each location was sclected. The 207 vis-
coelastic beam waveguide absorber, the 167 constrained laver beam waveguide absorber
and the 167 viscoelastic beam waveguide absorber were most effective at location [, 2
and 3. respectively. Therefore, the damping with two waveguide absorbers attached at
locations 1 and 2, and the Jamping with three waveguide absorbers at locations 1. 2 and

3 were also measure. to see the effect of multiple waveguide absorbers.
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IV, RESULTS AND DISCUSSIONS

A, IMPEDANCES OF THE TEST PLATE

Impedances of the test plate were measured from input hammer tests as Jeseribed
in Section 3.\, Since the aluminum test plate 1s a heghdy damped structare, the nmpe-
dances at resonance frequencies are very low and at anti-resonance freguencics are very
high.  Phases with 1502 phase shift are near =907 both at the resonance and ar the
anti-resonance lrequencics,

Since location 1 is the center pownt of the plate. only wmall numbers of resonance
and ant-resonance requencies appear (Figure 19 on page 39 and Figure 20 on page
=0). Netther location 2 nor location 3 are on any line of svmmetry of the test plater all
the resonance and anti-resonance points appear i the unpedance vs. frequency diu-
groms. (ligure 21 on page 41, FPigure 22 on page 42, Figure 23 on page 43 and
Figure 24 on page 44). However, the anti-resonance frequencics at location 2 and thoese

at location 3 are diflerent.
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Figure 21. Impedance magnitude of test plate at location 2.
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B. IMPEDANCES OF THE WAVEGUIDE ABSORBER

Two Jifferent Kinds of waveguide absorbers, a visceelastue beam and o constraimied
laver beam, are investigated in this study, Tn a previous study by Unree wi b Yoalliams
{Ret. 3], impedances were predicted only tor the infimte viscoelastic beam uvang Ber-
noulit-Fuler beam theory and the theoreucal prediction showed wide difference from the
experimental results. [n this study. this previous work 1s extended to mclude the mpe-
Jances for the finite viscoclastic beam. Since Bernoulli-Fuler beam theory does not m-
clude the shear Jdeformation and rotary inertia effect of the viscoelasuce beam. the
predicions from the Timoshenko beam theory are studied to investigate these effects on
wave propagation and impedances. and are cowmpared with the results {rom the Der-
noulli-Euler beam theorv. The impedances of the constiained laver beam wavegude ab-
sorber were predicted using the sixth order beam theory.

The mmpedances from these theoretical predictions are compared with tiie impe-
dances from the experimental measurements for the 107 and 207 length waveguide ab-
sorbers of two ditferent kinds. In the calculation of theoretical predictions. the loss
factors and shear moduli of viscoelastic material were varied as function of frequency
as described in Section 3.B. During the experiment, the Wilcoxon F4 F7 vibration gen-
erator produced characteristic errors which occured at different frequencies depending
on the mass of the waveguide absorbers. Theretore the viscoclastic beam has unrcliable
data around 700Hz and the constrained laver beam has unreliable data around 33011z,

Figure 235 on page 47 and Figure 26 on page 48 show the three theoretical impe-
dances compared with experimental data. The Bernoulli-Euler beam theory lor tinite
beams shows some standing wave eflect at low frequency range due to reflection at the
free end of the beam, but approaches the results of the infinite beam as [requency in-
creases. The results of the Bernoulli-Luler beam theory do not quite correspond to ex-
perimental results for the viscoelastic beam. Impedances from the Timoshenko beam
theory closely follow the experimental results fer viscoelastic beams as shown i
Fleure 25 on page 47 and Figure 26 on page 48, T'hese show that the shear deformation
and rotary inerta effects are «ignificant for the impedance prediction of beam type
wuvegurde absorbers.

Ficure 27 on page 49 and Tigure 28 on page 50 represent the real and imaginary
parts of the 107 constrained lur »r beam waveguide ahsorber and Figure 29 on page 51
and Freure 30 on page 32 represent the real and imaginary parts of the 207 constrained

laver beam wavegutde absorber. In both beams, the theoretical results of the umpedances
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using the sixth order beam theory and the resonance frequency patterns are aimost the

s

siamie as the experimental result.

A

'}’_l‘

s Joth Timoshenko beam theory and the sixth order beam theorv predict 1esonance
::4:: freguencies shifted amount trom the eperimental resuirs as frequency incraases, and rhe
:3:: anpedance magnitudes of esperimental results are bigger than the theovetical results.
:':5- These difference between theoretical and experimental impedances mayv derive from the
s

maccuracy ot shear modulus and loss factors which values were selected (rom 75 [ room

-

N temperature and changed depending on frequency. However, the theoretical prediction
.
LA ustng Limoshenko beam theory tor the viscoelastic beam and the sixth erder beam rhe-
h_"_
e ory for the constrained laver beam tollow the <ame trend (Figure 12 on pege 30 and

Frgure 13 on page 31).

)
5" R

Impedances of wav:gv'de absorbers are very low and do not show anv sharp vari-

Y
o
SN ation for all frequencies in the range tested. which are quite difTferent from the impedance
S : . .
o of the test plate of verv lightly damped structures.
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C. DAMPING OF THE PLATE

The purpose of this exrernent is to investigate the eflfect of hght weight wasvccuide

ahsorbers on damping mcrease i plate tvpe strictures over a wide requency range,
Damping of the test plate structure was measured with an artachiment ol ¢ochi one of
tour ditferent waveguide absorbers (167 or 207 viscoelasue or constrained laver beamn
at three different locations. The frequency response and the modal damping values of the
aluminum test plate with a waveguide absorber were compared with those of the same
plate without any wavegwde absorber over a wide frequency range (0-2000F{7),

The modal damping values of the test plate without a waveguide absorber are shiown
m Figure 31 on page 3o and Figure 32 on page 37. Thev show that more than 20 lightly
damped modes are in the [requency range between 60tz to 200001z with the lowest
frequency 193Hz.

The damping contribution of the same waveguide absorber to a same plate was Jif-
terent depending on the location of the waveguide absorber attachment point. for the
207 viscoclastic beam waveguide absorber, there was marked damping increase ftor
modes lower than 1100Hz when it was attached at iocation 1 (Figure 33 on page 38 and
['igure 34 on page 39). However, it was more effective for modes higher than 1200[1,
when it was attached at location 2 (Figure 35 on page 60 and Figure 36 on page 01).
When 1t was attached at location 3 its contribution to plate damping increase was ef-
fective for wider frequency range of 230Hz-1300Hz (Figure 37 on page 62 and
[igure 38 on page 63). This trend applies to other waveguide absorbers, though the
magnitude of damping contribution and the frequency ranges were dilferent for cach
case (Figures in Appendix By

Ditferent modal damping etfects with a different waveguide absorber at the same
location were also observed. At location [, the 207 viscoelastic beam waveguide absorber
was most cffective for the trequency range lower than 11001z (Figure 33 on page 33
and Figure 34 on page 39) and the 167 constrained laver beam waveguide absorber was
most elfective for the frequency range higher than 120011z (Figure 39 on page 64 and
Pigure 49 on page 03). At location 2, the 20" and 167 viscoelastic beam waveguide ab-
sorbers showed moderate contribution to plate damping and the 207 constrained laver
beam waveguide absorber contributed the least amount to plate damping. Per [requency
ranges over 1200z the 167 constrained laver beam waveguide absorber produced the
largest damiping increase. At location 3, the 207 and 107 viscoelastic beam waveguide

abvorbers and the 207 constrained laver beam waveguide absorber produced moderate
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damping incerease over a wide frequency range of 230Hz-1300bz, However, the 167
constrained laver beam waveguide absorber showed the least damping increase.

Atlter the selection of opumum damping at cach location, rwo wave guide absorbers
200 viscoelastic and 167 constrained laver bean were attached at locadons Uand 2 and
three wavegurde absorbers (207 viscoelastic, 107 constrained laver and 107 viscoelartic
beam) were attached at locations I, 2 and 3 to sce the eftect of multiple wavegwde ab-
sorbers on the test plate damping (Figure 41 on page 604 Fieure 42 on poge 67 and
Figure 43 on page 08 represent frequency response and modal daniping of the plute witi
tivo waveguide absorbers. Figure 44 on page 09 and Figure 43 on page 70 represent
frequency response and modal damping of the plate with three waveguide absorbers.
Damping of the plate increased with increasing number of the waveguide absorbers
(Figure 42 on page 67 and Figure 44 on page 0Y). The damping mncrease resulting {rom
attachment of two or more absorbers resemble the sum of the seperate result of each.

Impedance of the test plate at location 1 is compared with the driving point imype-
dance of the 207 viscoelastic beam in Figure 46 on page 71. This ligure shows that at
resonance [requencies the impedance of the test plate is much smaller than that of the

-
:

waveguide absorber. Figure 47 on page 72 and Figure 48 on page 73 show the com-

parsion between the impedances of the test plate at location 2 and location 3 with the
drving point of the 16" constrained laver beam and 167 viscoelastic beam, respectively.
These figures show that at low {requency range (<<40011z) the impedances of the test
plate were higher than those of waveguide absorbers and at high [requency range
i>J00Hz) impedances of waveguide absorbers were higher at some resonance [requen-
CIes.

f'rom equation (2.7), the loss lactor contribution, y. of a waveguide absorber is

proportional to the following 3 terms:

R, -l
— L (4.2}
i+ IR
1+ Z. |

| S

s |- “
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The first term is determined from waveguide characteristics onlv and the second term is
determined from the impedance ratio between the test structure and a waveguide ab-
sorber at the attachment pomt. However, the third term depends on the mreraction be-
tween the test structure and a waveguide absorber and the whole respeonse of the test
plate. 11 Z, is much smaller than Z., then 7. will remain constant belore and alter the
attachment ot a waveguide absorber. Previous studies [Rell 2 and Refl 3] were based
on this assumption and gave nusleading indications that experimental loss factors would
be much higher than theorctical predictions. [n the present studv. as shown in
Figure 36 on page 71, Figure 47 on page 72 and Tigure 48 on page 73, the impadances
of the test plate were similar in magnitude to impedances of waveguide absorbers at re-
sonance frequencies and the loss factor contribution due to waveguide absorbers could

net be predicted using equation (2.7).

R . s Y
'y 4 » ...".' .

AL
LR R P

A

YT r Yy
4

: .:.'_‘-', "\;';."_o

[N B e

P}

el
- -
'h ™~
s
Ny
}%-
-,
v.‘.-
xS

A4
1

T A NN N T S T P R D WA Y W AR N S Y
7. \"._J_‘J'."‘._J.\.‘F J'l\"\'.'.".',\".’\"';’ "M ™ !‘frm am::ﬁ t\ ~ t\’\ v ‘ﬁ{&ﬁt&{.‘; :




LA DA A ke SR A b A B el ol B a8 0ad Saf il B.F Aal Bad AN S0 oV S8 4.V B Baf Sa0 Ba¥ ot ot gat $aF Gal pa  la  8a Na o0a oRa JUR TR LFE TR VR RUR AV NE R _\
TV

LA

“

2k

0Z%Z0vip Harnn

H=

100Av

1) |

W '

T

a J_____, i 0

UJ | mo— i

xo n > a »

. w . N hal M

‘.«: L D [\ D ~ U
“a =n N\ @ X
L T b

.l

Figure 31.  The driving point frequency response of the test plate without a wave- ]

guide absorher. i
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Modal damping factors vs. frequency of the test plate with a 20”7 vis-

coelastic beam waveguide absorber at location 1 and without.

v, e
e
" 5

Y AT N AN
'f‘

f."( i o ‘(Q "n"f;:"-;'z

e 0
PP




and without

0O A P>d
01—

-

ot —

response of the test plate with a 20” viscoe-

guide absorber (dashed) at location

m
4
!
?
L
]
i
8
‘
4
m
;
aP
-
h \
\ =
\ > <
Y1 4 2
" . 3
] =
1 4 - apP rM
=
3 3
1 . B =
0 '0Z- | o
£ E
N : 0-o0s- | =
uuoH  diApxo AVOOT JS34 0344 W4 | 5 £
v 2 32
vwueH diagxzo Bavoor dS3M DAY WA | = § 2
m v
lag]
v
=
En
b
; - A
: £y
“ .‘.--_
! N
" by
X Ll
w e
> 4
4 5
3

GUA AN PSS TeTo ey i A TR VY Y7

. o T Iy
AR N i @0

» \.hwnu-.-r. Y




- VST M e Ty W M R TR BT T T T T T T T T T T

2

v D
v % '

DAl i a hah)
l.l 'l/

v
v

)

e e PR -
Lo ) I
P
“a "a ’l_{k‘, ‘5{':'\,‘- { LA

!
W

N
PR E O Nep VL Y

[

e e,
s N e o,
[y

LA

ORRERAME
celee e

s
4

l"l‘
fr

I)J'.'.Fl') et

LY
s

MODAL DAMPING VS. FREQUENCY

-
3
eoms p ﬁ
1 2
S
g 18
@
3]
=F] =
aan |- s g
- =
S< &
R -
o
<: ..... |
2
38
=S
ol SRS L
=3
=3
353
o
oe
e S S e ——t - &
01 I 1€
HO.LOVd ONIdWVA TYAON

YN R
BN \5'_\:‘_\;.

A

XX

] Py
a0 J‘J\J\"}';

2 «@® [
5N

r

e I SR e AL L TR T T
SN, Su

Fignre 36.

Modal damping factors vs. frequency of the test plate with a 207 viscoe-

lastic beamn waveguide absorber at location 2 and without.
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Figure 47. Mlagnitude impedances of the test plate at location 2 (solid) and of the

16”constrained layer beam at the driving point (dashed).
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16” viscoelastic beam at the driving point (dashed).
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V. CONCLUSIONS

The purpose of this studv was to develop two kinds of high damping beam wave-
guide absorbers for application to naval structures over a wide (requency range
(100Hz-2000Hz) and to evaluate theoretical prediction schemes using various beam
theories. Comparison between theorctical predictions and experimental resuits show that
Timoshenko beam theorv and the six order beamn theory can be used in the prediction
of impedances of viscoelastic beam waveguide absorbers and constrained [uver beam
waveguide absorbers, respectively.

Application of waveguide absorbers to a test plate structure showed that damping
of the test structure can be increased significantly with one waveguide absorber over a
frequency range. The magnitude and the frequency range of damping increase depend
on the impedance of the waveguide absorber and on the location. The prediction of
damping increase due to an attached waveguide absorber, equation (2.7), does not show
the eflect of waveguide absorber completely since this equation does not include the
structure vibration reduction effects due to the waveguide absorber. Since the contrib-
ution of each waveguide absorber to the damping of the test plate is additive. the modal
damping values of all the vibration modes of the test plate in a wide {requency range can

be increased using multiple waveguide absorbers.
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VI, RECOMMENDATIONS

From the results of present study following are recommended for future <tudies on
wavegulde absorbers:

1. Investigation of the effect of a waveguide absorber on the reduction in vibration
of the original structure and derivation of the relation between the impedances and the
mode shape of the structure,

2. Theoretical studies on impedance prediction of waveguides of different shape such
as circular viscoelastic plates and application to damping increase,

3. Investigation of interaction between waveguide absorber for multiple waveguide
absorbers applications. and

4. Optnuzation of application of waveguide absorbers in design, number. and

location.
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APPENDIN A.

1. THE IMPEDANCE OF THE INFINITE VISCOELASTIC BEAM USING
BERNOULLI-EULER BEA\I THEOR\

J os'e --~_..J.-_.'. '--.J-J<~4 Sevssleneys J ewlen'e atael Y_...
TN i taris ity WIS

s, o L e I o
e ittt et i e Tt CITSTETITIVISUTULIILTILNTIINCNNNY

‘:) ¥ THE THREE REDUCE PROGRAMS WERE USED FOR EVALUATING THE IMPEDANCE *
i * OF THE INFINITE VISCOELASTIC BEAM USING BERNOULLI-EULER BEAH #
L M o o
b # THEORY. "
5%
P ot ata tate bt tadnta ot oot ol ot o dealonl et enlast o ualenestents el e sl dwala et deafe o ntantan’s Faadeatenla detesteadonden’s loue sants atonla e <tan'e e nte steatantanle
1' f \ FEar it e T N e e S R i A S D i T e o N o i e A A e A O R N D O A A A A e e A A A A e b T I P 1y
,r*; C
' 1 C THE FIRST REDUCE PROGRAM DEFINED TRANSVERSE FORCE AND TWQ BOUMDARY
C CONDITIONS.

o C

:{: YY: =Y1*EXP( I¥*K1*X)+Y3*EXP( I*K3+*X};

o PP: =DF(YY,X);

N MM: =-EI*DF(PP,X);
”,:} FF:=-DF(MM,X);
pn Y0:=8SUB(X=0,YY)-Y;

e P0O: =SUB(X=0,PP)-P;
N BYE;
C
SN C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y1 AND Y3).
-.: e C

e YO: =Y 14Y3-Y;

{ PO:=P1*Y1+P3*Y3-P;

> SOLVE(LST(YO,P0),Y1,Y3);

Lo BYE;

- .-: c
' rb C THE THIRD REDUCE PROGRAM EVALUATED THE TRANSVERSE FORCE.

A C
L YY: =Y1*EXP(I*K1*X)+Y3*EXP(I*K3*X);
vl FFF: =EI*DF(YY,X,3);
s FF: =SUB(X=0,FFF);
0N BYE;
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(3 %
fﬁﬁ * THIS FORTRAN PROGRAM DEVELOPED THE IMPEDANCE OF THE INFINITE

NN ¥ VISCOELASTIC BEAM USING BERNOULLI-EULER BEAM THEORY. f
o . DEFINED VARIABLES;
SRS ¥ E COMPLEX YOUNG'S MODULUS OF THE VISCOELASTIC BEAM =
P ¥ F : FREQUENCY (HZ) v
- * FF : TRANSVERSE FORCE (LBF) ¥
|H$} # G : COMPLEX SHEAR MODULUS OF THE VISCOELASTIC BEAN
::?: 3 GRAV : GRAVITY (33% IN/SEC
A ¥ wp : IMPEDANCE OF THE VISCOELASTIC BEAM ¥
::;: * POISS : POISSON'S RATIO i
K-~ * ROH : DENSITY OF THE VISCOELASTIC BEAM ¥
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XB, XH,X

X1 : AREA {OMENT OF INERTIA
NK1, X¥K2, XK3, ¥K& : WAVE NUMBERS
XNETA

Vi : IMAGINARY (0,1)

COMPLEX V1,G,E,KB1,KB2,XK1,XK2,XK3,X
REAL F,POISS,GRAV,PI,XB,XH,XG,ROH,XI
REAL W,XLOG YNETA,“ ,SCA,XSA,KC, IMPR, IMPI

OPEN(UNIT=15,FILE="IFI")
CONSTANTS

F=10.0
POISS=0. 45
GRAV=386.0
PI=3.1415926
V1=CMPLX(0.0,1.0)

DIMENSIONS

XB=1.0
=Q. 35

PROPERITIES

RCH=0. 05505/GRAV
XI=(XB*XH**3)/12.0

FOUR DIFFERENT WAVE NUMBERS

DO 100 I=1,100
W=2"PI*F
XLCG=ABS(LOG10(F/62))
XNETA=0. 63*EXP( -0, 52732"XL0OG**1. 956)
XNETA=0. 2
XNETA=0Q.5

DIMENSIONS OF THE BEAM (WIDTH,

ENERGY LOSS FACTCR OF THE VISCCELASTIC BEA!M

R e e e R L R AT AL LV L e

XG=0. 00002503*F**3-0. 1752*F¥*¥*2+457, 5883*F+29280

XG=200000

G=XG*CMPLX(1l.0,XNETA)

E=2%G*( 1+POISS)
XA=ATAN(XNETA)/4.0

XCA=COS( -XA)

XSA=SIN(-X4)

KC=(SQRT( 1+XNETA™*2))¥**( -0, 25)
KB1=-CSOQRT(ROH*¥B*XH*W**2 /(E*XI))
KB2= CSQRT(ROH*XB-*XI*W*2/(E*XI))
XK1= CSORT(KB1)**KC*CMPLX(XCA,X8A)
YK2=-CSORT(KB1)*KC*CHPLX(XCA,XSA)
XK3=-CSORT(KB2)*KC+CIPLX(¥CA,XSA)
XK4= CSQRT(KB2)*KC*CHMPLX(XCA,XSA)
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C DEFINED CONSTANTS FROM THE THREE REDUCE FPRUGRA!NS
C
P1=V1%XK1
P2=y1#XK2
F3=V1%XK3
P4=V1+*YK4
Al= P3/(P3-P1)
A2=0
A3=-P1/(P3-P1)
A4=0
FF=-V1FEFXI*( A1#XK1*#3+A3*YK33)
' C
NS c IMPEDANCES
™ C
e IMP=2*FF/(V1*W)
B IMPR=REAL( IMP)
p- IMPI=AIMAG( IMP)
( WRITE(15,1000) F,IMPR,IMPI
o F=F+20.0
oo 100 CONTINUE
s 1000 FORMAT(1X,D9.3,2X,D12.5,2%,D12.5)
o CLOSE(UNIT=15)
s STOP
® END
78 2. THE IMPEDANCE OF THE FINITE VISCOELASTIC BEAM USIN
' d
'_;-Z-:_ BERNOULLI-EULER BEAM THEORY
Dy YY: =Y IFEXP( I#K1%X) +Y2#EXP( I#K2%X ) +Y3FEXP( I7*K3*X)+Y4EXD( IFK4%X);
‘3 PP: =DF(YY,X);

MM: =-EI*DF(PP,X);
FF: =-DF(I,X);

L)

G

ou §0: =SUB(X=0,YY)-¥;
NN PO: =SUB(X=0,PP)-P;
o ML: =SUB(X=L,MM);
W FL: =SUB(X=L,FF);
- BYE;
@, C
T C  THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y1, Y2, ¥3
N C AND Y4).
o C
1,V
2 YO: =Y 14+Y24+Y3+Y4-Y;
o PO: =P1°Y | +P2%Y24+P3%Y3+P4%Y4 - P;
° ML: SMIFY 2% Y 24+M3% Y 3447 Y 4
200 FL: =F 1% 1+F2%Y24F 3%V 34F4¥Y4;
et SOLVE( LST(YO,PO,HL,FL),Y1,Y2,Y3,Y4);
L BYE;
e C
b G THE THIRD REDUCE PROGRAM EVALUATED THE TRANSVERSE FORCE.
c
" TY: =Y IFEXP( I¥K1¥X)+Y2#EXP( I*K25%X )+ ¥ 3*EXP( IK3%X) +Y4*EXP( T#K4+X);
s FFF: =EI*DF(YY,¥X,3);
A FF: =SUB(X=0,FFF);
v BYE,
P
[
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:}: THIS FORTRAN FROGRAM DEVELOPED THE IMPEDANCL OF THE FINITE

( 2 YISCOELASTIC BEAM USING BERNOULLI-EULER BEAM THEORY.

K N ky DEFINED VARIABLES: v
"';'\ ¥ E : COMPLEX YOUNG'S MODULUS OF THE VISCOELASTIC BEAM ¥
N * F : FREQUENCY (HZ) kS

' -": W ¥F : TRANSVERSE FORCE (LBF) i

AR * G : COMPLEX SHEAR MODULUS OF THE VISCOQELASTIC BEA!1 ¥

" * GRAV : GRAVITY (3B8p IN/SEC *

e 4 * 1P : IMPEDANCE OF THE VISCOELASTIC BEAXM ¥

Ny * POISS : POISSON'S RATIO -

I‘v': ROU : DENSITY OF THE VISCOLLASTIC BEAM W

S 5B, XH,XL : DIMENSIONS OF THE BEAM (WIDTH, HEIGHT, LENGTH) w

"_::: ¢ XI : AREA MOMENT OF INERTIA e

0% ¥K1, ¥K2, XK3, XK& : WAVE NUMBELRS ¥

( XNETA : ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM e

St ¥ V1 : IMAGINARY (0,1) i

N % 1

._::' S e e e e e e e e e e e e ey e e e e e e e Ve e e Y s g S Y e ey Y e e e e e e

e c

T COMPLEX V1,G,E,KB1,KB2,XK1,XK2,¥K3,XK4,P1,F2,P3,P4

e COMPLEX M1,M2 ,M3,M&,F1,F2,F3,F4,DEN,A1,A2,A3 A4 ,FF IHD

.!. REAL F,PCISS,GRAV,PI,XB,XL,XH,XG,ROH,XI,W,XLOG,XNETA,XA,XCA,XS5A

: ,’. REAL KC,KR1,KR2,KR3,KR4,KI1,KI2,KI3,KI4,IMPR,IMPI

e C
o OPEN(UNIT=15,FILE='FFI")
o c
g c CONSTANTS
C

&5 F=10.0
> POISS=0. 45

3 GRAV=386. 0

" PI=3. 1415926

e V1=CMPLX(0.0,1.0)

O}
aaan

‘ DIMENSIONS

N..l

& XB=1.0
o XL=8. 0
P XH=0. 35

D "..-"' ‘ C

o c PROPERITIES

s c

N ROH=0. 05505 /GRAV

AN c

e C FOUR DIFFERENT WAYVE NUMBERS
. c

A 4

° XI=(XB#XH*¥*3)/12. 0

o DO 100 I=1,100

ot W=2HPINF

L XLUG=ABS(LOG10(F/62))
s XNETA=0. 65EXP(-0. 52732#XLOG**1. 956)
w5 C XNETA=0. 2

i\ c XNETA=0. 5
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XG=0. 00002503 %F%*3-0, 1752524457, 5883%F+29280
C XG=200000
G=\G “CMPLX(1. 0,XNETA)
E=2%Gi( 1+POISS)
\A=£Tn“(\\EIA)/4 0
XCA=COS( -XA)
XSA=SIN( -XA)
KC=(SQRT( 1+XNETA®2) )#*( -0. 25)
KB1=-CSQRT(ROH*XBXH* w= 2/_ 1))
KB2= CSQRT(ROH*XB*XH¥*W#2/(E*XI))
‘ XK1= CSQRT(KB1)*KC*CHPLKX(XCA,XSA)
) XK2=-CSQRT(KB1)*KC*CHPLX(XC4,XS4)
[ NK3=-CSQRT(KB2)*KC*CMPLY( XCA,¥54)
e XK4= CSQRT(KB2)*KC*CMPLX(XCA,XSA)
o KR1=REAL( ZK1)
N KR2=REAL( XK2)
s KR3=REAL( XK3)
(’ KR4=REAL( XK4)
. KI1=AIMAG(XK1)
A:Qg KI2=AIMAG(XK2)
B KI3=AIMAG(XK3)
’ “j KI46=AIMAG(XK4)
W C
o C DEFINED CONSTANTS FROM THE THREE REDUCE PROGRAMS
) C
o P1=V1¥XK1
T P2=V1%XK2
R P3=V1*XK3
AN P4=V1*XK&4
L M1=EXP( -XL#*KI1)*(COS(XL*KR1)+V1*SIN(XL*KR1) )*KK1%%2
; M2=EXP( ~XL*KI2)%*(COS(XL*KR2)+V1*SIN(XL*KR2))*KXK2%*2
- M3=EXP( ~XL*KI3)*(COS(XL*KR3)+V1*SIN( XL*KR3) )*XK3"**2
SO M4=EXP( ~XL*KI4)%(COS(XL*KR& )+V1*SIN(XL*KR4 ) ) #KK4#72
e F1=EXP( -XL*KI1)*(COS(XL*KR1)+V1#*SIN(XL*KR1) )*XK1%%3
N F2=EXP( ~XL*KI2)*(COS(XL*KR2)+V1+SIN(XL*KR2))*XK2%%3
R F3=EXP( ~XL*KI3)*(COS(XL*KR3)-+V1*SIN( XL*KR3) )*XK3%*3
o F4=EXP( ~XL*KI&)*(COS(XL*KR& )+V1+S IN( XL*KR4 ) )*XK4#%3
D) DEN=( F&4#M3*P2-F4*M3%P 1 ~F4*M2*P3+F4*M2*P1+F4*M1%P3 ~F4* M1 P2
3 & ~F3%M4*P2+F 37ML*P 1+F 3%M2% P4 -F 3 M2%P 1 -F 3%} 1% P4+F 3%M %P2
K & +F2%M4 %P3 -F 2 M43 P1 - F2#M3%* P4+TF 271 3% P | +F 24 M 1P/ - F 2%} 1 %P3
‘:g; & -F L#*M4%P3+F [*M4*P2+F 1¥M3% P4 ~F1*U3%P2 ~F 1*M2%P4+F 15M2%F 3)
. Al=( F4¥M3%P2-F4*M2%P3-F 3 M4*P2+F 3% M2 P4 +F 2%M4*P3 -F2*M3% P4 )
T & /DEN
° A2=( ~F4*{13%P1+F4*M1%P3+F 3¥M4*P 1 -F 357} { 1% P4 - F 1 %M4*P3+F 1+ 3%P& )
NN & /DEN
N A3=( F4*M2%P1-F4*M1%P2-F2¥M4*P1+F2* M1 P4+F 1#M4#P2 - F 17M2%P4)
hety & /DEN
v AG=( ~F3%M2%P 1+F 3%M1*P24+F 25M3%P 1 -F2#M 1P 2 ~F 1 #} 35 P2-+F 1%}2P3)
gsf: & /DEN
". . FF==V1+<E"XI -.'.-( ALFKKLI™ e 34+A 2 XK27% 34+A 3 XK 35 % 34+ AL XKL w43 )
o C
e c IMPEDANCES
o c
w .
(7 IMP=2%FF/(V1%Y)
’- IMPR=REAL( TMP)
S IMPI=AIMAG( IMP)
o
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METVRS RSTRI R Ty

~ WRITE(15,1000) F,IMPR,IMPI
el F=F+20. 0

e 100 CONTINUE

T 1000 FORMAT(1X,D9.3,2X,D12.5,2¥%,D12.5)
CLUSE(UNIT=15)

STOP

END

|
3. THE IMPEDANCE OF THE FINITE VISCOELASTIC BEAM USING |
TIMOSHENKO BEAM THEORY |

By D L B B T Y R P T R D T P e e Y R e E e e T e R R e B B At P et S e E R .
o < 4
THE THREE REDUCE PRCGRAMS WERE USED FOR EVALUATING THE IMPEDANCE **
W OF THE FINITE VISCOELASTIC BEAM USING TINMOSHENKO BEAM THEOKY. i
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C

C THE FIRST REDUCE PROGRAM DEFINED SHEAR FORCE AND FOUR BCUNDARY

G CONDITIONS.

LY
(e C
L YY: =Y 1*EXP( I*K1%X)+Y2*EXP( I*K2*X)+Y3+EXP( I*K3%X)+Y4*EXP( [*K47X);
s PP1:=R1*Y1*EXP( I*K1%X)+R2%Y2*EXP( I*K2*X);
) :3 PP2: =R3*Y3*EXP( IFK3*X)+R4*Y4*EXP( T*K4*X);
i PP: =PP1+PP2;
e Mil: =DF(PP,X);
S $8:=-(DF(YY,X)-PP);
o YO: =SUB(X=0,YY)-Y;
. PO: =SUB(X=0,PP)-P;
-j{ ML: =SUB(X=L,MM);
e SL: =SUB(X=L,SS);
i BYE;
I‘ L ] C
‘~2 C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y1, Y2,

C Y3 AND Y4).

C

YO: =Y 14Y24Y34Y4-Y;

PO: =R1%Y1+R2*Y24+R3*Y3+R4*Y4 -P;
ML: =M1FY 14M25Y 24M37Y 34M4 Y4
SL: =S1#Y14S2%Y2+83%Y34847Y4;

AARAA

O

A"

'A%

1:2 SOLVE(LST(Y0,P0,ML,SL),Y1,Y2,Y3,Y4);

o BYE;

AN o

Lo C THE THIRD REDUCE PROGRAM EVALUATED THE SHEAR FORCE.

. YY: =Y1*EXP( I*K1*X)+Y2%*EXP( I*K2% %) +Y3*EXP( I*K3*X) +Y4*EXP( I*K47*X);

- PP1: =RI*Y1*EXP( I*K1%*X)+R2%Y2¥*EXP( I*K2+X);

e PP2: =R3*Y3¥EXP( I*K3%X)+R4Y4&HEXP( I*K4*X);

e PP: =PP1+PP2;

e SSS: =-KA*GG*AA*(DF(YY,X)-PP);

YRRy §S: =SUB(X=0,S5S8);

:1 BYE:
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w VISCOELASTIC BEAM USING TIMOSHENKO BEAM THEORY.
DEFINED \ARIAB[ES
E : COMPLEY YOUNG'S MODULUS OF THE VISCOELASTIC BEAM
F : Y?E}FEACH (HZ)
i G ¢ CTMIREX SHEAR MODULUS OF THE VISCOELASTIC BEAM
¥ GRAV : GRAVITY (28% IN/SEC *
¥ IMP : IMPEDANCE OF THE VISCOELASTIC BEAM
w KAR : SHAPE OF CROSS SECTION
* POISS : POISSON'S RATIO
£ ROH : DENSITY OF THE VISCOELASTIC BEAM
= SS : SHEAR FORCE (LBF)
W XB, Xd,xL : DIMENSIONS OF THE BEAM (WIDTH, HEIGHT, LENGTH)
e XI : AREA MOMENT OF INERTIA
Ve XK1, XK2, XK3. XK4& : WAVE NUMBERS
¥ SNETA : ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM
% V1 : IMAGINARY (0,1)
Rt R S L R e e e Y R L T T il L D i R R PR P P T e S Y R L PR Y S RV S PR PSRRI
C
COMPLEX V1,G,E,XKN1,XKN2,XKD,XK1,XK2,XK3,“K4,R1,R2,R3 R4
COMPLEX M1,M2,M3,114,51,82,83,84,DEN,A1,A2,A3,A4,SS,IMP
REAL F,KAR,POISS,GRAV,PI,XB,XL,¥H,%G,ROl,XI,W,XLOG, KNETA
REAL KRl,KRZ,KR3,KR4,KI1,KIZ,KI3,KI4,¢MPR IUPI
C
OPEN(UNIT=15,FILE='TIH")
C
C CONSTANTS
C
F=10.0
KAR=0. 83
POISS=0. 45
GRAV=386.0
PI=3. 1415926
V1=CMPLX(0.0,1.0)
C
C DIMENSIONS
C
XB=1 0
XL=8.0
K{H=0. 35
c
C PROFPERITIES
C
RCH=0. 05505/GRAV
XI=(¥B#XH"**3)/12.0
C
C FOUR DIFFERENT WAVE NUMBERS
C
DO 100 I=1,100
W=2%PL*F
XLNG=ABS(LOG10(F/62))
XNETA=0. 65*EXP(-0. 52732*XL0OG**1. 956)
C XNETA=0. 2
C XNETA=0. 5
]2
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" XG=0. 00002503%F**3-0, 1752*F*24457. 5883*F+29280
v, C XG=200000
A G=XG*CMPLX( 1. 0,XNETA)
W E=2%G( 14F0ISS)
KN 1=l 2" ( KAR*G+E) /ROH
oy XKN2= SQRT{ W4 ( (KAR®G+E) /ROH)¥**2
e & -4 FKAR%GHE (W4 -KAR*G* KB XH*W*%2 / (ROH*X1))
e & / (ROH#¥2))
a0 XKD=2%KAR*G*E / (ROH*%2)
,ﬁh ¥K1= CSQRT( (XKN1+XKN2)/XKD)
' XK2=-CSQRT( ( XKN1+XKN2)/¥KD)
') XK3= CSQRT((XKN1-XKN2)/XKD)
o XK4=-CSQRT( ( XKN1-XKN2)/XKD)
P KR1=REAL(XK1)
o KR2=REAL(XK2)
‘U KR3=REAL(XK3)
N KR4=REAL(XK&)
KI1=AIMAG(XK1)
o KI2=AIMAG(XK2)
S0 KI3=AIMAG(XK3)
AN KI4=AIMAG(XK4)
k) N C
gﬁ& o DEFINED CONSTANTS FROM THE THREE REDUCE PROGRAMS
- C
® R1=(ROH*W**2 -KAR*G*XK1%*2) /(V1*KAR*G*XK1)
;;ﬁ: R2=( ROH*W%2 -KAR*G*XK2%%*2) / (V1*KAR*G*XK2)
pe R3=( ROH*W#¥%2 ~-KAR%*G*XK3%¥*2)} /(V1*KAR*G*XK3)
‘ ‘-:'? RA:( ROH¥W¥% 2 «KAR*G*XK& %2 ) / ( V1#KAR"G"*XK4 )
A M1=EXP( -XL*KI1)*(COS(XL*KR1)+V1*SIN(XL*KR1))*V1*XK1*R1
N M2=EXP( -XL*KI2)*(COS(XL*KR2)+V1*SIN(XL*KR2))*V1*XK2*R2
( ) . M3=EXP( -XL*KI3)*(COS(XL*KR3)+V1*SIN(XL*KR3) )*V1*XK3*R3
\ M4=EXP( ~XL*KI4)*(COS(XL*KR&)+V1*SIN(XL*KR&) )*V1*XK4*R4
Ll S1=EXP( -XL*KI1)*(COS(XL*KR1)+V1*SIN(XL*KR1))*(R1-V1:XK1)
N S2=EXP( -XL*KI2)*(COS(XL*KR2)+V1*SIN(XL*KR2))*(R2-V1*XK2)
B S3=EXP( -XL*KI3)*(COS(XL*KR3)+V1*SIN(XL*KR3))*(R3-V1*XK3)
ey S4=EXP( -XL*KI4)*(COS(XL*KR&)+V1=SIN(XL*KR4) )*(R4-V1*XK4)
o DEN=( S&%M3*R2-S4*M3*R1-S4*M2#¥R3+S4*M2¥R1+S4*M1#R3 -S4 M1*R2
D) & -S3%M4FR2+S 34 MAFRI+S 3#M25 R4 -S3HM2H¥R L - S 3*M1#R4+S3*M1*R2
Pup & +S2%ML*R3 -S2HMATR] ~§2#M3*RL+S2#M3*R1+S2+M1%*R4-S2*M1*R3
oY & =S 1*M4* R34S 1*M4*R2+5 1% M3%R4 =S 1#M3*R2 -S 1+M2R4+S 15 M27R3)
o A1=( S4&*M3%R2-54%*M2*R3-S3*M4*R2+S3*M2¥RE&+S 2% MLHR3 -S2#M3*R4)
A & /DEN
e A2=( -S4%*M3*R1+S4*M1*R3+S3*MLFR1-S3*M1*R4~S 1*M4*R3+S 1 M3 *R4)
P & /DEN
it A3=( S4&*M2%R1-S4*M1*R2-S2%M4*R1+S2*M1*R4+S 1*M4*R2 =S 1¥M2*R4)
s & /DEN
b A4=( =53 M2*R1+S3%*M1*R2+S2*M3*R1-S2"M1*R3~S1*M3*R2+S 1*M2*R3)
YO & /DEN !
T SS=KAR*G*XB*XH*( Al*(R1-V1*XK1)+A2%(R2-V1*XK2)+A3*(R3-V1*XK3) ;
.‘ & +A4*(R4-V1¥XK&G) ) !
G o
::p C IMPEDANCES
.7 C
. INP=2%8S/(V1*W)
o IMPR=REAL( IMP)
NN INPI=AIMAG(IMP)
A
A 83
b
Yoo
o
i
e
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WRITE(15,1000) F,I!PR,IMPI
F=[+20.0
100 CONTINUE
1000 FORMAT(1X,D9.3,2X,D12.5,2X,D12.3)
CLOSE(UNIT=15)
3TOP
END

4. THE IMPEDANCE OF THE FINITE CONSTRAINED LAYER BEAM

LQ!“J(; THE SIXTH ()RDER BEJ\\I TH[()R\

THE THREE REDUCE PROGRAMS WERE USED FOGR EVALUATING THE ITMPELANCE
* OF THE INFINITE VISCOELASTIC BEAM USING DERNOULLI-EULIR ZEZAMH e
’:“ THEORY. .

B e R L R R e S e e Rl AR TR S AR e e e e e T R S R S R LR e P Ta e EAC R TSRS ES FE T ottt A1

C

C THE FIRST REDUCE PROGRAM DEFINED TRANSVERSE FCORCE AND TwO BIUNDARY
¢ CONDITIONS.

C

YY1: =Y1¥*EXP( I*KI*X)+Y2*EXP( I*K2*+X);

YY2: =Y3FEXP( I*K3*X)+Y4*EXP( I*K4+X);

YY3: =YS*EXP( IFKS*X)+YOFEXP( I*K6+X);

UUL: =R1*Y1*EXP( I*K1*X)+R2*Y2#EXP( I**K2%*X);
CU2: =R3*Y3*EXP( I*K3*X)+R4*YLFEXP( I*K&*K);
UU3: =R5*YSFEXP( I*K5*X)+R6FY6FEXP( I*K6+X);
YYY: =YY1+YY2+YY3;

UUU: =UU1+UU2+0U3;

Y0:=SUB(X=0,YYY)-Y;

P0O: =SUB(X=0,DF(YYY,X))-P;

U0: =SUB(X=0,UUU)-U;

SL: =SUB(X=L, (PP*DF(YYY,X,3)+QQ*DF(YYY,X)+RR*UUU));
ML: =SUB(X=L, (PP*DF(YYY,X,2)+SS*DF(UUU,X) ) );
NL: =SUB(X=L,(TT*DF(UUU,X)});

BYE;

C

C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y4, Y5,
C AND Y6).

C

Y0: =Y1+Y2+4Y3+4Y4+Y5+Y6-Y;

PO: =P1#*Y1+P2%Y2+P3*Y3+P4*Y44+PS*Y5+P6¥*Y6-F;
U0: =R1*Y1+R2*Y2+R3*Y3+R4FY4+R5%Y5+R65%Y6-U;
SL: =S1+Y1+S2*Y2+53*Y3+54%Y4455%Y5+56°Y;
HL: =HIFY I4M27 Y 24+M 35 Y 3HMA Y445 Y5+M67Y6;
NL:=N1#Y 14N2%Y 2+N3 Y 3+NLG Y4+NS*TS+NO*Y6;
SOLVE(LST(SL,4L,NL),Y4,Y5,Y6);

BYE;

~

C THE THIRD REDUCE PROGRAM SOLVED VARIABLES (Y1, Y2 AND Y3) USING
C Y4, Y53 AND Y6. THE THIRD REDUCE FROGRAM EVALUATED THE SHEAR FORCE.

)

T4 =B1rY 14+C1*Y24D1%Y3;
Y5: =B2%Y1+C2*Y2+D2%*Y3;
Y6:=B3%Y1+C3*Y2+D3*Y3;
YO: =Y1+Y24Y3+Y4+Y5+Y6-Y,;
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FO: =P1%Y1+P2*Y2+P2*Y3+F4Y44+P5*Y5+P6*Y6~P;
U0: =R1*Y1+R2FY2+RIFYS+RAFYL+R5FY5+R6Y6E-U;
SOLVE{LST(YO,P0,L0),Y1,Y2,Y3);

YYY1: =V 1IHEXF( [*R1FX)+Y2FEXP( I*K2%X);

YYY2: SYSFENP(I#K3%X) +Y4FEXP( 17K4*X);

YYY3: =YSFEXP( IFR3FX)+Y6FEXP( T7*K6*X);

YYYY: =YYY1+YYY24YYY3;

CLUUL: =R1*Y1*EXP(IFK1%X)+R2FY2FEXP( I*K25+X);
CCUZ2: =R3*YIHELP( TFK3*Y)+REGFYLFENP( IF7Ka+X);
CUU3: =R5*Y5+EXP( I*K5%{) +R6*Y6*EXP( I*K6%X);
CUUU: =CUU1+LTU2+0UUU3;

338: =PP*DF(YYTY,X,3)+QQ*DF(YYYY, X)+RR*UUUU;
§S5:=SUB(X=0,S8S8S);

TE;

fes)
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** THIS FCRTRAN PROGRAM DEVELOFPED THE IMPEDANCE OF THE CONSTRAINED -
¥ LAYER BEA! USING THE 6TH ORDER BEAM THEORY. =

* DEFINED VARIABLES; e
¥ El, E3 : COMPLEX YOUNG'S MODULUS OF THE CONSTRAINED LAYER B
e F : FREQUENCY (HZ) w
v G : COMPLEX SHEAR MODULUS OF THE VISCOELASTIC ¥
i GRAYV : GRAVITY (386 IN/SEC*%#2) *
* H1, H3 : HEIGHT OF THE CONSTRALNED LAYER i
* H2 : HEIGHT OF THE VISCOELASTIC ¥
B I1, I2 : AREA MOMENT OF INERTIA *
* e : IMPEDANCE OF THE CONSTRAINED LAYER BEAM *
B KAR : SHAPE OF CROSS SECTION ¥
e POISS : POISSON'S RATIO *
¥ ROH1 : DENSITY OF THE CONSTRAINED LAYER ¥
* ROH2 : DENSITY OF THE VISCOELASTIC i
¥ SS : SHEAR FORCE (LBF) *
¥ AB, XL : DIMENSIONS OF THE BEAM (WIDTH, LENGTH) ¥
* XK1, XK2, ¥XK3, ¥K&, XK5, XK6 : WAVE NUMBERS e
* XNETA : ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM ¥
* V1 : IMAGINARY (0,1) &

. oo
R 5

C
COMPLEX*32 V1,G,BB,P1,P2,P3,P4,P5,P6,R1,R2,R3,R4,R5,R6,00,RR
COMPLEX*32 S1,S2,S3,S4,S5,86,M1,M2,M3,M4 ,M5,M6 ,N1,N2,N3,N& N5 NG
COMPLEX*32 B1,C1,D1,B2,C2,D2,B3,C3,D3,DEN1,DEN2,A1,A2,A3
COMPLEY B,D,XK1,XK2,XK3,XKé,XK5,%K6 ,XXK1,XXK2,XXK3, [P
REAL*16 F,PI,GRAV,XB,XL,XG,H1,H2,H2,E1,E3,I1,13,DD,RCiil,ROH2
REAL*16 CC,XM,TL1(30),T2(30),T3(30),01(30),02(30),Q3(36)
REAL*16 XLOG,W,Z,C,BR,BI,CR,DR,DI,FT1.FQl,DTT1,D1TQ1.DQQL,DQT!
REAL*16 FT2,FQ2,DTT2,DTQ2,DQQ2,DQT2,FT3,FQ3,DTT3,DIQ3,DQ03,D0T3
REAL¥*16 XKR1,XKR2,¥KR3,XKI1,XKI2,XKI3.KR1,KR2,KR3,KR%4,KR5,KR6
REAL*16 KI1,KI2,KI3,KI4,X15,KI6,PP,S3,TT,IMPR, IMPI
REAL  XNETA

OPEN(UNIT=15,FILE='SAN")

........... AW
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CONSTANTS

F=2010
PI=3.1415%326
GRAV=386.0
V1=CMFLX(0.0,1.0)

DIMENSIONS

XB=1.0 )
XL=8.0

H1=0. 0625

H2=0. 065

H3=0. 0625

PROPERITIES

E1=10000000. 0

E3=10000000. 0
I1=XB*H1%%*3/12.
I3=XB*H3%%3/12.
DD=E1*I1+E3*13

ROH1=0. 09832/GRAV

ROH2=0. 03663/GRAV

CC=H1/2. +H2+H3/2.

XM=XB¥*( (H1+H3)*ROH1+H2*ROH2)

INITIAL GUESS WAVE NUMBERS

T1(1)=-4.31911862
T2(1)=-0. 05139608
T3(1)= 3.77697017
Q1(1)=-0. 33835599
Q2(1)=-0. 05104052
Q3(1)=-0. 27669663

FIND SIX DIFFERENT WAVE NUMBERS USING NEWTON'S METHOD
SIX DIFFERENT WAVE NUMBERS ARE XK1,XK2,XK3,XK&4,XK5,XKé

DO 100 I=1,100
W=2*PI*F
XLOG=ABS(LOG10(F/800))
XNETA=1. 1*EXP( -0. 3906*XL0OG**1. 53)
XNETA=0. 5
INETA=1.0
XG=-0. 00001258%*F+*%2+0, 2472*F+74. 988
XG=1000
G=XG*CMPLX( 1. 0,XNETA)
BB=G*(E1*H1+E3*H3)/(H2*E1*H1*E3*H3)
Z=CC**2*E1*H1*E3*H3/(DD*(E1*H1+E3*H3))
B=BB*(1. 0+3)
C=-X*W+*2/DD
D=-BB*XM*W**2 /DD
BR=REAL(B)
BI=AIMAG(B)
CR=C




DR=REAL(D)

DI=AIMAG(D)

DO 200 J=1,15
FT1=T1(J)Y**3+BR*T1( J)**2+( =3%QL( J)**2-2"BI*QL(J)I+CR)*T1{J)

( & +( =BR*Q1(J)**2+DR)
o~ FQ1=Q1(J)**3+BI*Q1(J)¥*2+( -3%*T1(J)**2-2%BR*T1{J)=CR)*QL(J)
! & +(-BI*T1(J)**2-DI)
o DTT1=3*T1(J) *2+2%BR*T1(J)
o & +(-3%0Q1(J)**2-2%BI*Q1(J)+CR)
v DTQ1=( =6*T1(J)-2%BR)*Q1(J)~2*BI*T1(J)
- DQQ]_:3=':Q1(J)3’:3‘:2+27';BI*Q1(J)
! & +(=3*T1(J)**2-2"BR*T1(J)-CR)
! DOT1=(-6*Q1(J)-2*BI)*T1(J)-2%BR*0Q1(J)
" T1(J+1)=T1(J)-( DQQI*FT1-DTQI*FN1)/(NTT1*DOQ1-DTQL*NNT1)
W Q1(J+1)=Q1(J)-(-DQTt*FT1+DTT1*FQ1)/(DTT1*DOQ1-DTO1*DOT1)
» FT2=T2(J)#**3+BR*T2(J) " 2+( =37Q2( J)*#*2-2%BI*Q2( J)+CR)*T2(J)
o & +( -BR*Q2(J)*"24DR)
( FQ2=Q2( J)**3+B1=Q2( J)**24( ~3%T2( J)**2-2%BR=T2(J) -CR)*Q2(J)
- & +( =BI*T2(J)**2-DI)
\ DTT2=3*T2(J)*¥%2+2%BR*T2(J)
; & +( -3%Q2(J)¥**2-2%BI*Q2(J)+CR)
Wy DTQ2=( -6*T2(J)-2%BR)*Q2(J) -2*BI*T2(J)
W DQQ2=3*Q2(J)v’:‘:’c2+23\-B Iv’rQZ( J’)
h & +( =3%T2(J)¥*%2=-2%BR*T2(J)-CR)
o DQT2=( -6%Q2(J) -2*BI)*T2(J)-2%*BR*Q2(J)
Ng T2(J+1)=T2(J)-( DQQ2*FT2-DTN2*FQ2)/(DTT2*DQQ2-DTQ2*DQT2)
" Q2(J+1)=02(J)=( -DQT2*FT2+DTT2*FQ2)/(DTT2*DQQ2-DTN2*DQT2)
N FT3=T3(J)**3+BR*T3(J)**24( -3*Q3(J)**2-2*RBI*Q3(J)+CR)*T3(J)
7 & +( -BR*Q3(J)**2+DR)
o FQ3=Q3(J)**3+BI*Q3(J)*¥*2+( =3%T3(J)**2=-2*BR*T3(J)-CR)*Q3(J)
& +( =BI*T3(J)**2-DI)
a DTT3=3*T3(J)**2+2%*BR*T3(J)
o & +(=3%Q3(J)**2-2%BI*Q3(J)+CR)
‘o DTQ3=( -6*T3(J)-2*BR)*Q3(J)-2*BI*T3(J)
::..: DQQ3=3:’¢Q3( J)1’f‘.’f2+2*B I~rQ3( J)
- & +( =3%*T3(J)**2-2"BR*T3(J)-CR)
2

DQT3=(-6"Q3(J)-2*BI)*T3(J)-2%BR*Q3(J)
T3(J+1)=T3(J)-( DQQ3*FT3-DTQ3*FQ3)/(DTT3*DQQ3-DTQ3*DOT3)

)

P Q3(J+1)=Q3(J)-( -DQT3*FT3+DTT3*FQ3)/(DTT3*DQQ3 -DTQ3*DQT3)
o~ 200  CONTINUE
N XKR1= T1(J)
o~ XKR2= T2(J)
e XKR3= T3(J)
° XKI1= Q1(J)
y - XKI2= Q2(J)
- XKI3= Q3(J)
L ¥XK1=CUPLX(XKR1,XKI1)
g XXK2=Cl{PLX(XKR2,XKI2)
e XXK3=CMPLX(XKR3,XKI3)
é XK1= CSQRT(XXK1)
> {K2=-CSQRT( XXK1)
NG NK3= CSQRT(XNK2)
N {K4=-CSQRT(XXK2)
W XK5= CSQRT(XXK3)
Ny {K6=-CSQRT( XXK3)
e KR1= REAL(XK1)
.'\
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KR2= REAL(XK2)
KR3= REAL(XK3)
KR4= REAL(XK&)
KR5= REAL(XK3X)
KRé6= REAL(XK»5)
KT1=AIMAG(XK1)
KI2=ATMAG(XK2)
KI3=ATMAG(XK3)
KI4=AIMAG(XK4)
KI5=AIMAG(XKS)
KI6=AIMAG(XK®o)

DEFINED CONSTANTS FROM THE THREE REDUCE PROGRAMS

[P SR®]

P1=V1*XK1
P2=vV1*XK2
P3=V1:XK3
P4=V1*XK4
P5=V1+*XKS
P6=V1*XKé
R1=V1*BB*Z*DD*XK1/( (XK1**2+BB)*E3*H3%*CC)
R2=V1*BB*Z+*DD*XK2/( (XK2**2+BB)*E3*H3*CC)
R3=V1%BB*Z*DD*XK3/( (XK3**2+BB)*E3*H3"*CC)
R4=V1*BB*Z*DD*XK4 /{ (XK47¥2+BB)*E3*H3*CC)
R5=V1*BB*Z*DD*XK5/( (XK53**2+BB)*E3*H3*CC)
R6=V1*BB*Z2*DD*XK6/( ( XK6**2+BB)*E3*H3*CC)
PP=DD
QQ:-DD*BB*Z
RR=DD*BB*Z*(E1*H1+E3*H3)/(CC*E1*H1)
S8=-CC*E3*H3
TT=E3+*H3
$51=(=V1*PP*XK1*%*3+V1*QQ*XK1+RR*R1)*EXP( -XL*¥KI1)
&  *(COS(XL*KR1)+V1*SIN(XL*KR1))
2=( ~V1#*PP*XK27%%*3+V1*QQ*XK2+RR*R2)*EXP( -XL*KI2)
&  *(COS(XL*KR2)+V1*SIN(XL*KR2))
§3=( -V1#*PP*XK3**3+V1+QQ*XK3+RR*R3)*EXP( -XL*KI3)
&  *(COS(XL*KR3)+V1*SIN(XL*KR3})
S4=( -V1¥*PP*XKé4*¥3+V1+QQ*XK4+RR*R4 ) *EXP( -XL*KI4)
&  *(COS(XL*KR&4)+V1*SIN(XL*KR4))
S5=( ~-V1*PP*XK5%*3+V1"*QQ**XK5+RR*R5 )*EXP( -XL**KI5)
&  *(COS(XL*KR5)+V1*SIN(XL*KR5))
S$6=( ~V1*PP*XK6**34+V1*QQ*XK6+RR*R6)*EXP( -XL*KI6)
&  *(COS(XL*KR6)+V1*SIN(XL*KR6))
M1=(V1*SS*RI*XK1-PP*XK1*%2)*EXP( -XL*KI1)
&  *(COS(XL*KR1)+V1*SIN(XL*KR1))
M2=(V1*8S8*R2*XK2 ~PP*XK2%*2)*EXP( -XL*KI2)
&  *(COS(XL*KR2)+V1*SIN(XL*KR2))
H3=(V1*8S*R3*XK3-FFP*XK3**2 )*EXP(-XL*KI3)
&  *(COS(XL*KR3)+V1*SIN(XL¥KR3))
M4=(V1#8S"*R4**XK4 - PP*XK4*¥ 2 )*EXP( -XL*KI4)
&  *(COS(XL*KR4)+V1+SIN(XL*KR&4))
M5=(V1*SS*R53*KK5-PP*XE5# %2 )*EXF( -XL*KI5)
&  *(COS(XL*KR3)+V1*SIN(XL*KRS5))
Me=(V1#35*R67EKE -PP*KKH**2 ) *EXP( -XL*KI6)
&  *(COS(XL*KR6)+V1*SIN(XL*KR6))
N1=V1*TT*R1*XK1+EXP( -XL*KI1)
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Modal damping factors vs. frequency of the test plate witl a 16” viscoe-

lastic heam waveguide absorber at location 2 and without.
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Figure 38.

Modal damping factors vs. frequency of the test plate with a 16” con-

strained laver beam waveguide absorber at location 2 and without.

)

'\.

Ry N P
(e e R Yo X

T T W 5 W

:’r'\

10y

).\

WO e

S P oy ‘ o=
5‘ g"'.‘o‘l‘! "l.n le’ L) !:hll

N L "w % Y
ey

DA
'V!\'

W88’

e W

A4




K a, 9, - 1] 2 a ha
S
e
@
.::
<
- — vre
o —_— X
(l o, "‘_,.a——?' N
- —
‘-.\ ——— '
" Pe—— N
3 L=
o »
A .
N !
5 ?
A = ==
i - .‘;;;.‘ B
N 0 0
o I I T |
M - =
____‘p"—‘
( - - /"""
~.‘; > > r/
T o a _— ]
: i = :
\ b
\'J‘ — -
'2* g) > ‘:M\
e < < =
-\' O O E——
e o Qa By
2 ¢>-—
ot
ja.
.,,t N
N L L —
[ w om
¢ &
. e ——
% G G ,__-——"-——‘ O
Ny woow .
‘ x xQ G c a >
b L w. . m m
}:’ " -O D - — U
® s ZN BN @ Q | i X
J L Lt o T T n
x.
.::: Figure 39.  The driving point frequency response of the test plate with a 20”7 con-
- strained layver beam waveguide absorber (dashed) at location 2 and
." without (solid).
::::.4
::::'
L4
A 101
o
..I‘
o
b

R R SRR SRR R O

H " - » y U » - - - L } - g . - -~ ~ ~ L.
4 oy 2 )
’:‘:'\.; A8 :'Q':'O q.c .0. ) -,o :' . =9, A !‘Q !’:‘?’- .,N‘?'o.::::?:t...'n.,l )



’

RO

R ‘l:
e

I - Lo -
’ 7 LA

L TR AR

¢
p
1000

L3N
2P

-

%

<

5

I '."\';"
FREQUENCY (H?2)

v g
2Pl
;‘ ".}\', et

MODAL DAMPING VS. FREQUENCY

LEGEND
W/0 WAVWGUIDE ABSORBER
® = W/ 20" CON. WAVE. ABSORBER

100

Tr—y T R Shuh SN HRSE SRSNEED L4 Ty

01 01 O1é
¥OLOVd ONIdAVA TVAON

Figure 60.  Modal damping factors vs. frequency of the test plate with a 207 con-

strained layer beamn waveguide absorber at location 2 and without.

e

- -
P

(R N
DL N
RO

RN 4

D
- @

o

el e
CRRR T T T

s
i

102

e
L
.

hOYCE

L N

‘

K [
‘G
5 ¥ . D I L. S . I N U S S e -_.-Jf."r_,f.rI('.f.(.'.,;'t-“.,l... . . o W W W W
N4 — o Pl Pt ol b P P B o AT S _‘.:,a. R " "',P'.r ‘.
) ¢ . il sl B ¢ ad RS .« Wy Rl )] R Bl M A b M A Wy, W%

ol M2k 0K )

¥ ool



without

’”

The driving point frequency response of the test plate with a 16”7 viscoe-
and

-
J

Ot -

’ : OE1 -
| ‘

e
.
C
~—

<
=
v
=
bt
a3
3
»
ar 3
—_—— — L) —
L]
] \ ' VA ] 5 -
- ' \ wl e W 2 ot
[0 ' 1/ W m =
4, N ‘ | 2
\l ' ' _ a
1! ! A o
! [ o
£ ¥ aP =
: @
g
O "0 -
=
: 0 gL~ g
3 HueH  d1A0X%0 AVOOL dS39 0394 WA 2
k S 3
; wuuID)y Qﬂ\/OND m\/(OOﬁ d5S34 O3IYd KA N. W
. z
"]
9
S
.op
[
!
! . % Yy AAAAANS AN ERENA CHOOTTETG eyt s G RPN TR Tt --....-.... h..-.r...-. >
.N,..\.mn_..m ° ur\.r\..n\...»vf\r.. J...\..\..\..\ R fu.\.'h.u..\...r- ..\....r..... oA \W\ ....... . ..\......\..\. ot D RN _‘..,_. O, NNV @, o 20,2 %
& R Y % A4 = PLIIE S P, S So ook A At A A



PR

_4
TS

a'aa

.?.I.'l ‘I JI

o
fnJd

'b&
P

~ |

~

all2s L, A Gy

" T
l..’..l’l.l’

RNV PN EPLIE

BN )

gV L.’-’n'n e

A s a s

- By SRR
[ a : o
& - ]
- Qo
M -
PRI §
IR 3
............ EHR §

MODAL DAMPING VS. FREQUENCY
R
FREQUENCY (ti2)

LEGEND
0 WAVWGUIDE ABSORBE

-7

[/ 16" VISCO. WAVE. ABSORBER

ni

ce
P o
p—p— Y ™ e Y T PrPT—— 2
L0 0t ¥

JOLOVd DNIdNYA TVAON

Figure 62.  Modal damping factors vs. frequency of the test plate with a {6” viscoe-

lastic beam wavegnide absorber at location 3 and without.

104

Y e AT e Y N W W LR T PR R S e N e M e e N L "s."\."\.'\"\'\:_\‘_\‘*._
G R S T O s S T A R LR AN IR Bl S AR

e
-,\-"u‘

W

“ u
“~ -_r‘?:‘\

R L

-
t




'.- " aad ane A AN g 190 A0 A A0a Al A ail- . AR A% Sab tag ¢ C Sl et Gof St Ch &
2,

2 ]
b

W

-‘\ f

2

Y
*\

o
[~

’D
® '0
K

13 -
c o et
. 7 o ——
“'..~: I I -\\

> _@

W o o ~~._“\1T

- - "1

G > > B

2, ——=E—

o NN — > N

v o o I
\’ I —
o I
: -; —-‘---'—"">

m -

5". < ( ——

N g 0o

- o Q b

.-" - L] \

] i N

- ==

o
b Lo —
.f: nou TN
o W W ——
o 14 Y '\\

- e

o a 0

o w uw '
[~ x Qo Q g a »
. - LL lL . . m m

-~ -0 0 -~ = 7

o E g[\ [I\ % % | X

) L ' L

X — |

"__{ Figure 63.  The driving point frequency response of the test plate with a 16” con-

\j.' strained layer beam waveguide absorber (dashed) at location 3 and !
2 . . !
:. without (solid). |
L'
"’-
i)
N

.
.“'-

e

I

N

o

.I- 105

iy

L *

o

i ) -- S TRl ») v l P P P L R T S AR RS S RN St . LTS %Y

R A i e o i e ROMENSNY




TR

s
w '
B ,,...
s .
o
N e
. vo01 (ZH) AINANDAYL oor 2 KA
a a A N o\ " a N ‘ e mw ...- -
| ] P ..”u _--
i . fOﬁ m “ ,-\n”
YAGHOSAY "FAAVA 'NOD .91 M=o | - v =
4IAYOSAY AAINDMAVA O/M = - Z o
aNaoI1 3
: i N N - m ....‘.—.
% | E3
E | £ 2 v
- O = = NG
& | o3
= gz .m Ny
L & | & 3 3
. 9 ]
L w &= m .mlWA .,...-L
I W = "
rlmu vn\.l mb L%
...D c g
o s -
= & E
| o 5
3 =
R = 9
- -
1 S =
.................................................................... I =
.......... i Z 5
-2
AINANOIAYA "SA ONIdWVA TVAON o
S
En
[

..\ .\qr\\- Yo Fa Yo Ja g Ju) -.». .-........... PR A LR Y e Tt A .-
Ps \\a (4 PO d .-I-vr- Y, Tae L] .-(.-J.. A A A Y] .tf- -!J v v ¢
-n\.n -nl -.ﬂu&-n \\.- « ~ ..J. .-Ju.-r-:-- o \.\....... [ - \u-.f-f.»-\. o 4 \. .\.-...-\.- .-ff). .-...{ .-\\\ \&.B \.W

y s et

) B B AD e e



“=H O A px4d
QE 1 —

Ol —

IR TRV AL

0O "0s-

0O "0L-—
dS3Y 0344 -

vuol diAgxo AVOO T

vuoly diAgxzo BEAvoot dS3Y 0394 tHNA

L4

WX l.- ‘% <, L -».-. .-- A ’n. . .p-...d-‘q-- -. -_.. -. --
.- -a\nv n -\-n-- .-.. gt -. -... . i \.&\ .-.

The driving point frequency response of the test plate with a 20” con-

5.

Figure 6

strained layer heam waveguide absorber (dashed) at location 5 and

without (solid.
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